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We have measured the far infrared reflectance of the heavy fermion compound URu2Si2 through 
the phase transition at Tho = 17.5 K dubbed 'hidden order' with light polarized along both the a- 
and c-axes of the tetragonal structure. The optical conductivity allows the formation of the hidden 
order gap to be investigated in detail. We find that both the conductivity and the gap structure 
are anisotropic, and that the c-axis conductivity shows evidence for a double gap structure, with 
Ai,c = 2.7 meV and A2,c = 1.8 meV respectively at 4 K, while the gap seen in the a-axis conductivity 
has a value of Aa = 3.2 meV at 4 K. The opening of the gaps does not follow the behaviour expected 
from mean field theory in the vicinity of the transition. 
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I. INTRODUCTION 

The heavy fermion compound URu2Si2 has been ex- 
tensively studied due to the great diversity of electronic 
behaviours it displays in different temperature regimes. 
At room temperature, URu2Si2 behaves as a poor metal 
due to the Kondo effect, with a Kondo temperature of 
approximately!] 370 K and a slowly increasing resistiv- 
ity as the temperature is lowered, reaching a maximum 
of ^ 320 ^r^cm at about 70 K. As the temperature 
is lowered further the resistivity begins to decrease.'^HSl 
This decrease has been attributed to the formation of 
a Kondo lattice where the localized uranium f-electrons 
hybridize with the conduction electrons forming heavy 
charge carriers with m* ^ 25nie in this material, i.e. 
heavy Fermions.^^l This view has been challenged re- 
cently by Schmidt et alP^ using STM and confirmed by 
Nagel et al^ using infrared spectroscopy, who find that 
the mass of the charge carriers remains on the order of 
the free electron mass down to 17.5 K. At this tempera- 
ture URu2Si2 undergoes a second-order phase transition, 
identifiable as a discontinuity in the resistivity^HSl and 
specific heat,'Sl for which no order parameter has yet been 
conclusively identified. 

The specific heat data fit well to an exponential decay 
below the ordering temperature as would be expected in a 
BCS-like transition, with a corresponding loss of entropy 
of approximately 0.2 R In 2. The DC electrical resistivity 
data fit well to a Fermi liquid model above the transi- 
tion, revealing that electron-electron interactions are the 
dominant scattering mechanism in the coherent regime. 
Below the transition DC resistivity fits well to an expo- 
nential decay with an additional T^ term to account for 
the continued contribution to the scattering from Fermi 
liquid physics. There is a pronounced anisotropy between 
the a-direction and the c-direction, with the c-direction 
having a lower resistivity. 

Initially, the transition was assumed to be antiferro- 
magnetic orderingSElor the onset of a density wave state^l. 



Magnetic ordering was subsequently ruled out by neutron 
scatterin^3Ji which detected an ordered moment of 0.03 
/is per U atom, too small to account for the entropy 
loss inferred from the specific heat. The alternative of a 
charge density wave state has received little support since 
there is no evidence of lattice distortion. Because the or- 
der parameter remains unknown the transition has been 
named hidden order. A number of theoretical models 
have been proposed to account for the order parameter, 
such as multipolar ordering, density and hybridization 
wavea^^ffiS, but so far none has been conclusively identi- 
fied as responsible for the transition. 



Previous reflectance measurementalSnil have studied 
the structure and evolution of the frequency-dependent 
conductivity, measured in the a-b cleavage plane as a 
function of temperature. Above 75 K the optical conduc- 
tivity is completely frequency independent, characteristic 
of incoherent hopping conductivity. Below 75 K the spec- 
trum is well described as a metal, with a Drude peak 
that becomes sharper and narrower down through the 
hidden order transition. More recently, measurements 
on an a-c face^^ above the hidden order transition have 
demonstrated the anisotropy in the optical conductivity 
expected from transport measurements. Further mea- 
surements on the a-b plane^l have recently shown that 
the spectral weight associated with the Drude peak is 
constant between 75 K and Tho, suggesting that the ef- 
fective mass of 5 me remains constant between these 
temperatures, and that major changes to the electronic 
structure do not occur in this temperature range. 



We have conducted optical spectroscopy measurements 
on oriented samples of URu2Si2 along both the a-axis and 
c-axis, using a new technique for obtaining high quality, 
low- noise data. We present the first comparison of optical 
spectra from both crystal directions on URu2Si2 in the 
hidden order state. 



II. EXPERIMENTAL METHOD 

Single crystals of URu2Si2 were grown at McMaster 
University by the Czochralski method. The crystals were 
grown in a tri-arc furnace in argon atmosphere and were 
then either cleaved perpendicular to the c-axis or oriented 
with a Laue x-ray diffractometer and cut with a tungsten 
wire saw parallel to the c-axis. The ac-face was then 
polished smooth and etched using a wash of HF acid to 
remove any damaged surface after it was found that the 
polishing process removed the phonon features from the 
reflectance. 

The DC resistivity has been measured along the a- 
axis on crystals from the same growth as those used 
in the r eflect ance measurements, and along both axes 
elsewhere^ISS. The form of the resistivity is robust be- 
tween different samples, and the values of the resistiv- 
ity are close enough to one another that it seems more 
likely that the differences are due to uncertainty in the 
positioning of the electrodes and the sample geometry 
during the measurements than variations due to sample 
quality. When the resistivity at the transition is nor- 
malized to agree between the DC measurements taken at 
McMaster, on a crystal grown at the Institute Neel, and 
in referenceSl, the values along the a-axis agree with one 
another to better than 10 % up to 30 K. We therefore 
use the DC conductivity from Zhu et alW for the c-axis. 

The samples were measured with standard reflectance 
techniques, using both an immersion cryostat with a 
■^He bolometer and a Sciencetech SPS spectrometer in 
Tallinn, Estonia, and an open-flow helium cryostat and 
commercial Bruker IFS 66 v/s spectrometer at McMas- 
ter. A standard gold overcoating technique^- was used to 
get absolute spectra accurate to 0.3% and reproducible 
between the two measurement systems. 

In order to interpret the electronic behavior as the gap 
forms across the Fermi surface at the transition, it is nec- 
essary to extract the optical conductivity from the abso- 
lute reflectance using the Kramers-Kronig relations. As 
a flrst approximation, since URu2Si2 behaves electron- 
ically as a metal at low temperatures both above and 
below the hidden order transition, the Hagen-Rubens for- 
mula for the reflectance in the limit of low frequencies, 

R{u}) = 1 — ■i/( ^^" ), has been used to extrapolate the 

reflectance to zero frequency. Measured DC conductivity 
was used to compare expected reflectance to that mea- 
sured. In this case, the measured absolute reflectance 
was adjusted slightly to agree with the transport data, 
as slight drifts in the measurement system, particularly 
the detectors used, can cause errors on the order of 0.5%. 
To eliminate geometrical artifacts at low frequency the 
sample was held stationary during the measurement pro- 
cess and the temperature was varied. Ratios were then 
constructed between a reference temperature above the 
HO transition and different temperatures below it con- 
taining very little noise. Geometrical artifacts are intro- 
duced to the absolute reflectance during the gold over- 
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FIG. 1. Absolute reflectance measured in the ab-plane from 
the far infrared to the ultraviolet. The shoulder-like features 
at 380 meV and 1200 meV correspond to interband transi- 
tions. The partial hybridization gap appears in the 25 K spec- 
trum as a drop in the reflectance between 15 and 30 meV. The 
Hidden Order gap opening causes a strong absorption centred 
around 5 meV, visible in the 5 K spectrum. 



coating process due to the motion of the sample, detec- 
tor drift, and the imperfect reproduction of the original 
sample position. The noise in the absolute spectra is 
greater than the noise in the temperature ratios by an 
order of magnitude. In order to address this, a simple 
polynomial can be fit to the absolute reflectance at the 
reference temperature. This smoothed estimate of the 
absolute reflectance at the reference temperature and the 
ratios are then combined to give absolute reflectance at 
the temperatures of interest. This removes weak temper- 
ature independent features if they are within the noise 
level, but allows the transition to be studied with only 
the much smaller noise from the temperature ratios. 



III. RESULTS 

The full reflectance in the ab plane is show in Figure [T] 
There are optical phonons at 13.6 and 47.1 meV in the 
a-axis and 42.8 meV in the c-direction. Interband tran- 
sitions can be seen as a shoulder-like feature at 380 meV 
and 1200 meV. The feature at 380 meV has a sharper 
onset at lower temperatures that broadens out at room 
temperature. The signature of the hidden order can be 
seen as a strong absorption at 5 meV at the lowest tem- 
perature, and it is the only feature within our spectral 
range that can be associated with the hidden order tran- 
sition. The drop in reflectance between room temper- 
ature and 25 K in the region between 12 meV and 40 
meV can be a ttrib uted to the formation of a hybridiza- 
tion pseudogafP'^ below 70 K. 

Figure [2] shows the polynomial fit to the absolute re- 
fiectance described above, along with the smoothed ab- 




10 15 

Energy (meV) 

FIG. 2. a) Absolute reflectance in the a-axis at 25 K, with the 
polynomial fit to smooth out geometrical artifacts introduced 
during motion of the sample. The same procedure was used 
for the c-axis (not shown), b) Refined reflectance along the 
a-axis, obtained by multiplying the fit to the 25 K absolute 
reflectance with the measured reflectance ratios at different 
temperatures, c) Refined reflectance along the c-axis. At the 
lowest temperatures, additional structure appears within the 
absorption around the minimum. 



solute reflectance along both distinct crystal directions. 
The onset of the hidden order state is clearly visible in the 
low temperature spectrum as a drop in the reflectance of 
both crystal axes centered around 5 meV (a-axis) and 
4 meV (c-axis). The minimum is distinct and shifts 
to slightly higher energies with decreasing temperature. 
The appearance of this minimum evolves gradually with 
a sudden onset at the hidden order temperature and its 
depth increases monotonically with decreasing tempera- 
ture in the a-direction; in the c-direction there is addi- 
tional structure that makes this impossible to determine. 
In the c-axis below 12 K an additional feature appears in 
the absorption near the minimum, unlike when the light 
is polarized along the a-axis whose absorption minimum 
remains sharp to our lowest temperature of 4 K. No other 
sharp features appear below Tho above 2 meV. 

Figure |3] shows the optical conductivity at selected 
temperatures. The solid curves above 2 meV show the 
real part of the optical conductivity from the Kramers- 
Kronig analysis as described above. URu2Si2 behaves 
electronically as a metal in the low temperature regime 
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FIG. 3. Real part of the optical conductivity of the a-axis (up- 
per panel) and c-axis (lower panel) for selected temperatures 
above and below the transition. The arrow in the lower panel 
indicates the position of the second gap at lower tempera- 
tures. The dashed lines at low frequency indicate the Drude 
peak that has been extrapolated to agree with DC resistivity 
measurements. 



both above and below Tj^q . To obtain an estimate of the 
conductivity below 2 meV shown as dashed curves, where 
we have no optical data, we used the following procedure 
to fit a Drude peak to the conductivity. The amplitude 
of the peak cr(0) was taken from the measured dc conduc- 
tivity and the width 1/r from the tail of the Drude peak 
that extended to the optically measured region above 2 
meV. 

As expected from transport data, there is a strong 
anisotropy between the conductivity in the a-direction 
and the c-direction. Both have qualitatively the same 
features above the transition: a sharp Drude peak and 
strong incoherent background, with the Drude peak be- 
coming sharper as coherence becomes stronger with de- 
creasing temperature. The conductivity is higher along 
the c-axis, consistent with DC resistivity measurements. 

The gap can be identified as a suppression of the con- 
ductivity in the frequency range immediately above the 
narrow Drude peak, with a shift of spectral weight to the 
frequencies in a narrow region above the gap energy, vis- 
ible as a sharp peak. The Drude peak narrows sharply 
and increases in height as the gap develops, but the spec- 
tral weight lost in the gap region is not fully recovered 



either in the Drude peak or above the gap. The very 
strong suppression of the conductivity in the gap region 
suggests that the gap forms across a large section of the 
Fermi surface. Quahtatively, the gap structure appears 
similar in the two crystal directions, although the peak 
above the gap is broader in the c-direction and the gap 
energy is larger in the a-direction. The structure within 
the absorption in the reflectance along the c-axis is visible 
within the gap region in the optical conductivity as an ad- 
ditional bump appearing below 12 K, becoming stronger 
and sharper as the temperature decreases. 

We add an isotropic s-wave gap model from Dynes et 
alP^ with a square-root-like singularity in the density of 
states to attempt to parameterize the gap seen in the 
conductivity: 



noiE) = \Re 



E/A + i"f 



V(i?/A + z7)2-l' 



(1) 



where A is the gap energy, 7 is a damping parameter, 
and a cutoff frequency uJc is introduced to account for 
the region where the density of states goes to zero. The 
comparison of the isotropic gap model fit to the measured 
conductivity is shown in Figure |4] for selected tempera- 
tures for both crystal directions. The behavior of the 
relevant bandstructure above the cutoff is unknown and 
the form of the cutoff is somewhat arbitrary and has not 
been included in the model, so exact agreement above 
this frequency is not necessarily to be expected. 

The value of 7 is determined by two factors; the width 
of the gap and the quasiparticle lifetime. In both po- 
larizations and for both gaps in the c-direction 7 is con- 
stant with temperature. The width of the gap was de- 
termined to be the same for all three gaps to within 
10%. The quasiparticle liftime is the same for the a- 
axis and larger c-axis gaps, but differs for the smaller 
c-axis gap, leading to an overall variation in the value of 
7. The values for 7 due to the quasiparticle lifetime are 

la,qp = Icl.qp = O.llTieV, Jc2,qp = 0.5meV . 

The appearance of multiple gaps, as well as the differ- 
ences between the gap sizes, observed with different axes 
of polarization indicates that the gaps are not isotropic. 
The isotropic gap model still works extremely well, how- 
ever, suggesting that the density of states does indeed 
possess a square-root singularity despite the anisotropy 
of the underlying gap. The structure of the Fermi sur- 
face is complicated with as many as five separate sheets^H 
which makes a reasonable determination of gap structure 
difhcult. Optical measurements are by their nature av- 
erages over all of k-space in the direction given by the 
light polarization, so variations in the detailed gap struc- 
ture will not necessarily produce greatly differing optical 
conductivity. 

The a-axis gap evolves steadily down into the hidden 
order state, with a value at 4 K of Aq = 3.1 meV in good 
agreement with ARPEa^Zl (which sees a heavy band dis- 
persing approximately 4 meV below the Fermi level) and 
tunnelin^23] (^ = 4 j meV), as well as previous optical 
datcP^. The gap in the c-axis is not easy to compare 
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FIG. 4. Fits of a Dynes model for the density of states to 
the optical conductivity for the a-axis (top panel) and c-axis 
(bottom panel) for selected temperatures in the hidden order 
state. The dashed lines at low frequency indicate the fit to a 
Drude model. Above the cut-off frequency, exact agreement 
is not expected since the details of the bandstructure are not 
taken into account in the fitting process. 



to other measurements because the material does not 
cleave along the ac-face, so surface-sensitive techniques 
like STM and ARPES cannot be used directly. Our mea- 
surements suggest that the additional structure in the c- 
axis conductivity is due to a second gap opening within 
the hidden order state. The larger gap has a value of 
Ai^c — 2.7 meV, while the smaller gap value is A2.C = 1-8 
meV, both at 4 K. The isotropic gap model can be fit 
at all temperatures without changing the quasiparticle 
widths or lifetimes or the gap width; only the value of 
the gap needs to be changed to fit the data, except at 15 
K where the cutoff frequency has to be decreased slightly. 

The gap in the a-axis is well described by the single- 
gap s-wave model fit, while the c-axis requires a two-gap 
model to be consistent with the data. The second gap 
seen in the c-axis is too weak to be seen in the 15 K 
conductivity, but is clearly present at the 12.5 K and is 
nearly fully developed before it is visible, with a value of 
A2 = 1.5meV at T=12.5 K and A2 = l.SmeV at T=4 K. 
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FIG. 5. The gap value as a function of temperature for the 
a-axis (top panel) and the larger c-axis gap (bottom panel). 
Solid lines are guides to the eye to show the trend of the gap 
values. Insets show the behaviour expected from a mean-field 
BCS model, from which the data deviates at temperatures 
close to the transition; at lower temperatures the behaviour 
is closer to mean-field theory. The smaller c-axis gap is nearly 
constant to within our sensitivity and is not shown. Error bars 
are determined from the largest change of gap value that can 
be made to agree with the data if the other parameters in the 
model are varied. 



IV. DISCUSSION 

Figure [5] shows the evolution of the three gaps with 
temperature, as determined by fitting our model. Nei- 
ther of the observed gaps whose onset we can detect 
follow the behaviour expected from a mean field BCS 
model in the region near the transition, but the fit be- 
comes closer at lower temperatures. It can be noted here 
that good agreement with BCS theory can be achieved if 
the transition is assumed to happen at 16 K rather than 
at 17.5 K, a feature also observed in Aynajian et al^, 
however transport measurements rule this out and the 
bulk transition certainly happens at 17.5 K. 

Neutron scattering worK— shows that a series of incom- 
mensurate spin excitations corresponding to the wavevec- 
tors (1±4,0,0) become gapped at the transition, and this 
must account for a significant amount of the entropy lost. 
The neutron scattering data reveals that charge and spin 
degrees of freedom are very strongly coupled, and the 
Fermi surface reconstruction at Tho has a correspond- 
ing effect on the spin excitation spectrum. The energy 
of the a-axis gap seen in optics (3.2 meV at 4 K) is in 
good agreement with the gap seen in neutron scattering^S 



(^3.5 meV at 1.5 K). This close correspondence suggests 
that the spin- and charge-degrees of freedom are strongly 
correlated, and that the same gap exists in the charge ex- 
citation spectrum as in the spin excitation spectrum. 

The neutron scattering results also show commensu- 
rate excitations corresponding to the antiferromagnetic 
zone centre that become gapped at the HO transition. 
This gap has a value of 2 meV at 1.5 K, very close to 
the observed value of the smaller gap in the c-axis opti- 
cal data (1.8 meV at 4 K). The oscillator strength in our 
model associated with the opening of this gap is much 
smaller than for the a-axis gap; this is also in agreement 
with INS which sees the commensurate mode as consid- 
erably weaker than the incommensurate modes. This is 
further good evidence that the gap seen in the optical 
data is related to the gap in the spin excitation spectrum 
seen in the neutron scattering. 

Recent ARPE^ measurements and STIVF^ studies 
show the behaviour of the band structure at the transi- 
tion near the Fermi level. ARPES shows a heavy quasi- 
particle band that crosses the Fermi level from above at 
the hidden order transition and hybridizes with a light 
hole band. Measurements of the differential conductance 
using STM see a similar effect; a light band breaks into 
two heavy bands at the transition, forming a gap at the 
Fermi level. The STM data suggests an effective mass of 
5 me in the coherence region (in agreement with optical 
results^) increasing to ~ 25 rrie in the HO state, while 
ARPES sees an effective mass of 22 me in the HO state. 

The ST1VP23] sj^Q^ g, heavy band splitting at the tran- 
sition into two heavy bands with a gap of ~4 meV at 
the Fermi level. However, when the band splits there are 
additional empty states that appear above the Fermi en- 
ergy with a gap of approximately 2 meV (see Schmidt 
et al.^ Figure 5c, and Aynajian et al. Figure 4c). This 
band of empty states is available for transitions from the 
filled band at the Fermi level, and the gap between these 
two bands shows close agreement with the smaller gap 
seen in the optical conductivity measured along the c- 
axis. We therefore suggest that this band accounts for 
not only the corresponding optically-observed gap, but 
the commensurate spin excitation gap as well. 

The origin of the larger gap seen in the c-axis is less 
clear: its value at 4 K (2.7 meV) does not correspond 
well with any gap seen in neutron scattering. APRES 
measurements22l see a heavy quasiparticle band dispers- 
ing 4 meV below Ep- STM measurements, likewise, 
do not see any gaps corresponding to 3 meV between 
filled states and empty states (though arguably there is 
a gap between two empty bands of about this magni- 
tude). Both ARPES and STM, however, are limited to 
measuring a cleaved surface, while we observe this effect 
only in the c-direction. We suggest that this gap has 
not been previously observed using the other available 
probes. The fact that it does not correspond to a gap in 
the spin excitation spectrum suggests that for the charge 
carriers involved, spin and charge degrees of freedom are 
decoupled. 



V. CONCLUSIONS 

We have measured the optical conductivity of the 
heavy fermion compound URu2Si2 through the hidden 
order transition at 17.5 K down to 4 K. We observe sev- 
eral s-wave gaps opening in the Fermi surface; one can 
be seen in the a-axis conductivity and two others in the 
c-axis. We associate the gap in the a-axis with a value 
of 3.2 meV at 4 K with the gaps seen by ARPES, STM, 
and neutron scattering with values of ^ 4 meV, and the 
smaller gap in the c-axis with a value of 1.8 meV at 4 K 
with the gapped commensurate spin excitations seen in 
neutron scattering and the band splitting seen in STM. 
The larger c-axis gap, with a value of 2.7 meV at 4 K, can- 
not be associated with any previously reported measured 
gaps in the magnetic excitation spectrum, and appears 
to be a purely charge gap. The combination of isotropic 



s-wave gaps with a gradually narrowing Drude peak pro- 
vides a complete and consistent explanation for the low 
frequency optical conductivity in the hidden order state. 
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